Abstract
Background
Cancer is one of the leading causes of death in the worldwide and patients diagnosed with cancer are expected to reach 22 million in the next two decades (Stewart and Wild 2014) . The main therapeutic modalities for cancer treatment other than surgery are chemotherapy and radiation therapy. In radiation therapy, energy is deposited in the target area, damaging the cancer cells or their vasculature inducing tumor death or blockage of nutrients (Hainfeld et al. 2006) . In chemotherapy, cytotoxic chemotherapeutic drugs are administered to cause cancer cell death through various mechanisms depending on the particular drug used (Crawford 2013) . The combined use of radiation therapy and chemotherapy is being used in cancer treatment. Despite successful clinical application of combined radiation therapy and chemotherapy, the major limitation of combining chemotherapy and radiation therapy is the normal-tissue toxicity, since either modality can cause major normal-tissue toxicity (Herscher et al. 1999; Ma et al. 2003) . Side effects of the treatment can be further minimized through targeted delivery of anticancer drugs and local enhancement of the radiation dose. Gold nanoparticles (GNPs) can play a significant role in this regard, since GNPs can be used as radiation dose enhancers and anticancer drug carriers Yang et al. 2016; Chithrani et al. 2010) .
The use of high-Z elements to improve radiation therapy outcomes has greatly increased in the last decade, with an interest in GNPs. Early work by Hainfeld et al. 2004 showed GNPs as radio sensitizers by demonstrating natural tumor specificity and substantial improvements in tumor control in mice receiving kilo voltage radiotherapy minutes after intravenous injection of GNPs. Previous experimental studies showed that GNPs enhance radiation doses in both the kV and MV range in vitro and in vivo (Chithrani et al. 2010; Hainfeld et al. 2004; Jain et al. 2011) . However, greater radiation sensitization was seen for cells irradiated with lower energy beams (kV) than with higher energy beams (MV) (Chithrani et al. 2010; Rahman et al. 2009 ). However, megavoltage energy photons are generally used in radiation therapy, since they can reach tumors located deep within the patient. Hence, in this study, clinically relevant 6 MV energy photons were used for radiation experiments.
GNPs can also be used as an anticancer drug carrier (Ma et al. 2003; Jain et al. 2011 ). Bleomycin (BLM) has been chosen as the anticancer drug for this study. Bleomycin (BLM), used in this study, is one of the most potent natural anti-tumor drugs and has been used for chemotherapeutic agents in clinical treatments (Umezawa et al. 1980; Hecht 1986 ). The therapeutic effectiveness, however, is limited due to the side effects of the drug, most notably pulmonary toxicity (Georgelin et al. 2010) . Bleomycin binds to the DNA and causes unwinding of the double helix and generates reactive oxygen radical species that causes DNA strand breaks (Siu and Malcolm 2005) . The sulfate ending of bleomycin attaches onto the surface of GNPs and this simple conjugation makes it an ideal drug to use in a combinational study experiment. The authors believe that NPbased platform discussed in this study could be used in the future for efficient and controlled delivery within the target.
The use of GNPs as radiation dose enhancers and anticancer drug carriers has shown promising results as discussed before. The next logical step was to test whether GNPs can provide significant improvement in combined chemoradiation. In this study, the GNP-mediated chemoradiation was tested for the first time with a clinically relevant radiation source of energy 6 MV using an in vitro breast cancer cell model. MDA-MB-231 cells were used, since it has been investigated in previous gold nanoparticle (GNP) studies Cui et al. 2014; Butterworth et al. 2010; Wang et al. 2015; Jain et al. 2014 ). This cell line has been observed to have relatively good GNP uptake and significant radiosensitization . For example, Jain et al. observed that the MDA-MB-231 cells had greatest uptake of GNPs among the type of cells (normal lung L132, prostate cancer DU145, breast cancer MDA-MB-231) used in uptake studies . MDA-MB-231 cells are also a triple negative cell line that are known to be more aggressive, highly invasive with worse prognosis (Dai et al. 2017) , therefore selected to study new options to further improve the currently used treatment modalities. In addition, MDA-MB-231 cells express high levels of integrins, including ɑvβ3 receptors (Vloedgraven et al. 1997) and are targeted by integrin-binding proteins that will be used to modify the surface of GNPs in this study.
It is also important to consider the size of the GNP platform, since they range from 1 to 100 nm. Smaller GNPs have a better penetration within tumor matrix, although the highest uptake at the cellular level was found to be for GNPs of diameter 50 nm (Chithrani et al. 2006; Yohan et al. 2015; Gao et al. 2005) . There have been efforts made to enhance the uptake of smaller NPs. One of the approaches is to conjugate NPs with a peptide sequence containing integrin-binding domain, RGD (Yang et al. 2014) . GNPs of diameter 10 nm was selected for this study, since their potential in a real tumor like environment is greater (Perrault et al. 2009 ).
Methods

Synthesis and surface modification of gold nanoparticles
Gold NPs of size 10 nm were synthesized using the citrate reduction method (Frens 1973; Hermanson 1996) . GNPs were first stabilized with penta-peptide (300 peptides/ GNP). The sequence of the penta-peptide is Cys-Ala-Leu-Asn-Asn-OH (CALNN) (AnaSpec, San Jose, USA). The peptide with RGD domain was added to the CALNN stabilized GNPs with a ratio of 16-20 peptide/GNP. The sequence of the peptide containing integrin-binding domain, RGD, is H-Cys-Lys-Lys-Lys-Lys-Lys-Lys-Gly-Gly-ArgGly-Asp-Met-Phe-Gly-OH (CKKKKKKGGRGDMFG) sequence (AnaSpec, San Jose, USA). This RGD peptide modified GNP construct will be labeled and referred to as GNP-RGD. Bleomycin (BioShop) was added onto GNP-RGD with a ratio of approximately 780 bleomycin molecules/GNP. Conjugation of bleomycin molecules onto the GNP surface occurs though a gold-thiol bond. This construct will be labeled and referred to as GNP-RGD-BLM.
Cell culture and particle delivery
Human breast cancer cell line, MDA-MB-231, was used for this study. The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) at 37 °C humidified incubator with 5% CO 2 . For optical imaging purposes, the cells were placed on glass coverslips, grown to 75-80% confluency, and then incubated with GNP complexes (0.3 nM) for 16 h. Following the incubation, the coverslips were washed three times with phosphate-buffered saline (PBS). Subsequently, the cells were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature and then mounted onto glass slides.
Quantification of GNP uptake in cells
GNP uptake in cells was quantified using inductively coupled plasma atomic emission spectroscopy (ICP-AES) . After incubation with GNPs, the cells were washed three times with PBS and were counted for quantification. Cells were processed with aqua regia in a silica oil bath for 2 h. Samples were diluted and concentrations of gold (Au) atoms were measured in mg/L with the Optima 7300 DV ICP-AES (Perkin Elmer, Waltham, USA).
Clonogenic assay
The cells were trypsinized and seeded in 60 mm tissue culture dishes after the treatments. The seeding density was determined through preliminary experiments where at least 50 colonies formed at the end of the growth period. In the case of the MDA-MB-231, cells were grown in culture for a period of 10-14 days. Once the colonies were formed, methylene blue (0.1% in 70% ethyl alcohol) was used to stain them for counting. The survival fractions of treated cells were determined using the ratio of the number of colonies formed/number of cells seeded × plating efficiency. More details of clonogenic assay and calculation of survival fraction are shown in Additional file 1: Section S1.
Immunofluorescence assay
Cells were grown in coverslips (#1.5 18 mm) in 6-well dishes. After the overnight treatment under different experimental conditions, the cells were rinsed three times with PBS. The cells were then treated with 2% paraformaldehyde/PBS/0.2% and Triton X-100 for 20 min followed by treatment with 0.5% NP40 for 20 min. Cover slips were left in 2% BSA/1% donkey serum in PBS for 1 h. Cells were washed with PBS three times for 5 min between each treatment. Following this, the coverslips were fixed with a primary antibody (53BP1 Ser 1778. 1:200; Cell Signalling Technologies) overnight. The coverslips were then washed with 0.5% BSA/0.175% Tween 20/PBS (secondary wash) for 5 min three times before being treated with an optically labeled secondary antibody (antirabbit IgG Alexa 488. 1:500; Life Technologies) for 45 min. The coverslips were washed with the secondary wash before being treated with 0.1 μg/mL of DAPI for 10 min. The coverslips were then finally washed with PBS for 5 min three times and mounted onto glass slides after adding a drop of antifade solution. The edges were sealed and stored at 4 °C in the dark. The slides were then imaged with a LSM 700 confocal microscope (Carl Zeiss Microscopy, Jena, Germany) and analyzed with the Imaris software (Bitplane, Zurich, Switzerland).
Radiation treatment with linear accelerator
The cells were grown in 6-well tissue culture dishes and incubated with GNP constructs 16 h prior to irradiation with a 2 Gy single fraction of 6 MV X-rays with an Agility ™ Linac (Elekta Oncology Systems, Stockholm, Sweden) at a dose rate of 600 MU/min and field size of 20 × 20 cm 2 . The sequence of chemoradiation treatment and the setup used for the study is shown in Additional file 1: Section S2.
Statistical analysis
Data for clonogenic assays are displayed as mean ± standard error with at least three repeats. Statistical analyses were performed using the IBM SPSS Statistics (IBM Corporation, New York, USA). A two-sample t-test was used to measure statistical significance between pairs of results. For statistical analysis among three or more groups, one-way analysis of variance (ANOVA) was used and subsequent multiple comparisons with Bonferroni correction that was performed in any statistical significance was detected by the ANOVA F-test. A p value of less than 0.05 was considered to be significant.
Results and discussion
Cellular accumulation of NPs modified with peptide containing integrin-binding domain, RGD TEM, UV spectroscopy, hyperspectral imaging, dynamic light scattering (DLS), and zeta potential measurements are used to characterize the GNP constructs as shown in Fig. 1a -c and Additional file 1: Fig. S3 . Hyperspectral imaging technique was used to image GNPs and GNPs in cells. The Fig. 1a is a transmission electron microscopy image of 10 nm GNPs used in this study. Figure 1b is a hyperspectral image of 10 nm GNPs where the bright dot-like structures are GNPs. Reflectance spectra collected from the bright pixels were confirmed to be GNPs as shown in Fig. 1c . UV visible peak wavelength of unmodified GNPs was 517 nm as shown in Fig. 1d and this is consistent with the wavelength corresponding to 10 nm diameter GNPs (Jain et al. 2006) . UV visible spectra of RGD peptide conjugated GNPs (referred to as GNP-RGD) had a slight red shift from 517 to 519 nm as shown in Fig. 1d . This shift is predicted to be due to the RGD peptide (~ 1700 Da) (Haiss et al. 2007; Amendola and Meneghetti 2009) . The zeta potential of NPs changed from − 18 to − 12 meV due to the positive charge of the RGD peptide as shown in Additional file 1: Fig. S3 .
As shown in Fig. 1e , the cellular accumulation of GNP-RGD was compared with the cellular accumulation of unmodified GNPs. There was a six-to sevenfold increase in cellular accumulation for the GNP-RGDs. The increase in accumulation was visible in qualitative optical images obtained using hyperspectral imaging Fig. 1f , g. The bright dot-like structures were GNP clusters localized within cells. Reflectance spectra were collected from some of those bright spots and it was confirmed that they correspond to GNP clusters localized within cells as shown in Additional file 1: Fig. S4 . Improved cellular accumulation of RGD peptide modified GNPs was observed by other research groups as well (Naik et al. 2012; Xu et al. 2012; Zhang et al. 2010 Zhang et al. , 2011 . This integrin-binding domain, RGD, is one of the principle adhesive ligand that can recognizes several integrin families on cell membrane (Ruoslahti and Pierschbacher 1987; Wang et al. 2013) . Hence, the significant increase on six-to sevenfold in accumulation for RGD modified GNPs can be predicted to be due to enhanced coupling of GNP complexes with cell surface receptors. The accumulation of GNP constructs is known to be cell line dependent. For example, Bajaj et al. (2009) exposed various types of cells with NP-fluorophore polymer complexes in which they are expected to interact with the cell surface through both electrostatic and hydrophobic interactions. The group measured fluorescence intensities of the various cell types that were exposed to the NP complexes, since the NP-cell interaction was expected to cause a displacement of the fluorophore polymers and generate a fluorescence response (Bajaj et al. 2009 ). A higher change in fluorescence intensities was observed for MDA-MB-231 (metastatic breast cancer cell line) and MCF-7 (cancerous but non-metastatic breast cancer cell line) than the MCF-10A (normal breast cell line) (Bajaj et al. 2009 ). Gal et al. (2015) also reported differences in internalization of 200-nm diameter particles in three types of breast cell lines. Accumulation of NPs was significantly higher in MDA-MB-231 (high metastatic potential) and MDA-MB-468 cells (low metastatic potential) compared to MCF-10A cells (benign). This group suggested that the difference in accumulation is because normal cells form tight intra-connected colonies and therefore, NPs can be internalized mostly only at the edge of a growing colony, while in malignant cells, the cell-cell and the cell-matrix connection is disturbed and therefore, NPs can be internalized into any cell on the tissue culture plate (Gal et al. 2015) .
Radiation therapy using RGD peptide modified GNPs
To study the radiation dose enhancement due to GNPs, clonogenic assays and immunofluorescence assays were used. As shown in Fig. 2a , the cells incubated with GNP-RGDs prior to the radiation had a 19 ± 6% decrease in cell survival fraction compared to the control cells (with no GNPs). This significant decrease in cell survival fraction could be due to the six-to sevenfold increase in GNP accumulation with the surface modification. The incubation concentration of GNPs was 0.3 nM and it is relatively lower than the incubation concentration used in previously published studies where either µM or mM GNPs concentration were used Wang et al. 2013 Wang et al. , 2015 Geng et al. 2011 ; Liu et al. 2008; Haume 2016) . Enhancement in cell killing in the presence of GNPs during a radiation treatment is due to the production of larger number of free radicals that can damage DNA lowering their survival (Carter et al. 2007) .
DNA damage was probed from immunofluorescence assays and demonstrated both quantitatively and qualitatively as shown in Fig. 2b , c. The nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride), and 53BP1 proteins were tagged with Alexa 488 which is shown in green in Fig. 2c . The slides were imaged along the z-stack to cover the depth of the nuclei. The volume images were produced by 3-dimensional (3D) reconstruction. The quantitative data was produced by counting the 53BP1 and divided by the 2D projected area of all the nuclei imaged (n = 274 for control, n = 310 for GNP-RGD). The 53BP1 foci/nuclear area was 0.024 ± 0.0056 and 0.026 ± 0.0059 for the IR control and IR GNP-RGD cells, respectively, and the difference was small but statistically significant (p < 0.05). The cells treated with GNP-RGD prior to the 2 Gy, 6 MV radiation had an increase in the 53BP1 count per nuclei area compared to the cells that were treated with saline (irradiated control) prior to radiation as shown in Fig. 2b . One of the important regulators of DSB signaling is p53-binding protein 1 (53BP1). In this study, 53BP1 binding protein was probed to map the DNA DSBs damage. One of the important milestones achieved in this study was to use 10 nm GNPs at a relatively low incubation concentration (0.3 nM) in combination with clinically relevant higher energy radiation (6 MV) while still causing damage to DNA. The GNP concentration used for this study was 0.3 nM, while previously published studies used concentrations between 0.3 µM and 1 mM (Haume 2016) .
Drug delivery using gold nanoparticles
After modifying the GNP-RGD complex with BLM, the accumulation of GNP-RGD-BLM complexes in cells did not differ from the accumulation of GNP-RGD complexes as shown in Fig. 3a . Comparison of qualitative optical images in Figs. 1g and 3b further supports the quantitative data in Fig. 3a . Cells treated with GNP-RGD-BLM had an 18 ± 4% decrease in tumor cell survival compared to the group that were incubated with the same amount of the free drug, BLM as shown in Fig. 3c . Although the precise mechanism of action of bleomycin is not fully known, it is thought that the primary action is to produce single-and double-strand breaks in DNA, via a deoxyribose oxidation step that is similar to the free radical damage produced by GNPs in the presence of radiation. To establish a dose enhancement factor (DEF), the survival fraction of MDA MB 231 cells treated with various concentrations of bleomycin (0.25-2 times of 633 nMthe concentration used throughout the experiment) were plotted with a linear trend line of y = − 0.5806x + 1.1608, R 2 = 0.9729 as shown in Fig. 3d . The survival fraction (SF) of cells incubated with GNP-RGD-BLM was 0.40. This SF was compared against this trend line and the DEF was calculated to be 1.31. Jain et al. (2011) also studied the variation in cell survival fraction with free BLM and combination of BLM with GNPs, where 12 µM GNPs were first exposed to cells prior to the treatment with micro-molar concentrations of BLM. Results from this paper demonstrate that the conjugation of anticancer drugs onto GNPs would facilitate effective delivery of anticancer drugs at low concentrations.
GNP-mediated combined therapy
The next approach was to test the GNP constructs in combined use of radiation therapy and chemotherapy. The integration of chemotherapy with radiation therapy has greatly improved the outcome in cancer treatment (Herscher et al. 1999; Rubin and Carter 1976) . The standard treatment protocol is to inject chemotherapeutic drugs to the patients prior to the radiation treatment (Rubin and Carter 1976) . For this study, the cells were first treated with drug-conjugated GNPs (GNP-RGD-BLMs) prior to the radiation treatment. To the authors' knowledge, this is the first time GNP-mediated chemoradiation was tested in an in vitro cell model, where the cells were incubated with a nanomolar concentration of GNPs, and where a 6 MV radiation was used. The cells treated with GNP-RGD-BLM and radiation (referred to as IR GNP-RGD-BLM) had a 32 ± 9% (p < 0.05) decrease in cell survival compared to the cells treated with free bleomycin and radiation (referred to as IR BLM), with the survival fraction of 0.13 ± 0.005 and 0.19 ± 0.015, respectively, as shown in Fig. 4a . The combination of GNP-RGD-BLM with radiation had a statistically significant increase in cell death compared to the combination of bleomycin and radiation.
The cells treated with GNP-RGD-BLM and cells treated with BLM followed by radiation were both fluorescently tagged with DAPI and 53BP1 antibodies with Alexa 488 probing DNA DSBs 24 h post-treatment. The fixed cells were then imaged with a confocal microscope and shown in Fig. 4b , c. The slides were imaged along the z-stack to cover the depth of the nuclei. The qualitative images were produced by 3-dimensional (3D) reconstruction of the DAPI stained nucleus (shown in blue in Fig. 4c ) and overlaying MV X-ray radiation (denoted 'IR'), respectively. The nucleus is stained with DAPI shown in blue and the markers for DNA DSBs (53BP1) are shown in green. *Represents statistically significant difference (unpaired t-test, p < 0.05). Scale bar = 10 μm with the 53BP1 (shown as green pixels in Fig. 4c ). The quantitative data was produced by counting the 53BP1 and divided by the 2D projected area of all the nuclei imaged (n = 389 for BLM, n = 307 for GNP-RGD-BLM). The number of 53BP1 foci per 2D projected z-stacked nuclear area for cells treated with BLM and GNP-RGD-BLM prior to radiation were 0.032 ± 0.0043 and 0.050 ± 0.0066, respectively, and the difference was statistically significant (t-test, p < 0.05). These results indicate that there was an increase in DNA DSBs cells treated with IR GNP-RGD-BLM compared to cells treated with IR BLM. Further therapeutic gains were observed using GNP-RGD-BLM conjugates in combination with radiation. Combination of chemotherapy and radiation therapy is clinically used for cancer treatment and utilizing GNPs as a drug carrier and a radiation sensitizer improves therapeutic outcome of the combinational therapy. The summarized results of radiation therapy, chemotherapy, and combined therapy are shown in Fig. 5a c. Small differences in survival can translate into large differences and therefore a larger significance during a course of multiple treatments. Multiple fractions of radiation are predicted to show an even greater benefit in tumor cell killing, since there is a difference in survival with even one fraction. The effect of presence of GNPs over multiple fractions are calculated in Additional file 1: Table S1 . As the next step, the authors will be testing the construct in different monolayer cell lines, multicellular models, and in vivo studies and will be discussed in future publications.
Toxicity due to GNPs
Biocompatibility is an important factor for a system to be used in clinical settings and a number of groups studying GNP cytotoxicity concluded that GNP biocompatibility depends on size, surface properties and concentration (Shukla et al. 2005; Connor et al. 2005) . Many experimental work has been done to confirm the non-toxicity of GNPs, but contradictory research results are also present (Fratoddi et al. 2015) . The lack of general consensus on NP toxicity is due to different experimental methods employed, incubation conditions (concentrations and exposure time), variability of sizes and functionalities of GNPs, variability of cell lines, and different measures and assays for toxicity (Fratoddi et al. 2015; Haume et al. 2016) . For example, it has been reported that citrate-capped GNPs were toxic to a human carcinoma lung cell line (A549), but not to a human liver cell line (HepG2) at the same dosage (120 nM) presenting that the toxicity is cell line dependent. The concentration of GNPs used in this study was 0.3 nM and no toxicity effects due to GNPs were observed from clonogenic assays as shown in Additional file 1: Fig. S5 . 
Conclusions
The GNP-based platform proposed in this study has the potential for delivering chemotherapeutics more efficiently than free drugs, while at the same time acting as a radiosensitizer as summarized in Fig. 5a -c. Introduction of anticancer drug carrying GNPs into the radiation treatment protocol would give rise to 32 ± 9% decrease in tumor cell survival fraction and statistically significant increase in DNA DSBs. Most importantly, the effectiveness of this GNP-mediated chemoradiation was observed at a relatively low 0.3 nM incubation concentration of GNPs. GNPs are also being used in photothermal therapy and photodynamic therapy (Jelveh and Chithrani 2011) . Hence, GNP-based multifunctional GNP platform could facilitate the combination of a wide range of therapeutic modalities for delivering a higher therapeutic load to destroy therapeutic resistant tumor cells. With appropriate engineering, these GNP-based platforms have the capacity for controlled delivery of therapeutic doses, while minimizing toxicity to the healthy organs and tissues. It is generally recognized that in vitro data cannot be extrapolated directly to in vivo or clinical settings, since assays in vitro assays do not account for tumour microenvironmental factors and the fact that tumors may contain clonogenic subpopulations of cells with different sensitivities to radiation or chemotherapeutic of interest (Hill and Robert 2008) . Further modifications to the GNP-based platform will be performed by the authors and will be tested for in vivo studies.
Additional file
Additional file 1. Additional figures and table. Fig. 5 a, b Comparison of radiation therapy, chemotherapy, and chemoradiation using cell survival fractions and immunofluorescence assay, respectively. *Represents statistically significant difference (unpaired t-test, p < 0.05). c Summary of clonogenic assay cell survival fractions for all treatment conditions in this study
